At the U.S. Department of Energy's Pantex Plant near Amarillo, Texas, recharging groundwater encounters a perching fine-grained zone (FGZ) above the main Ogallala (High Plains) aquifer, a critical agricultural, municipal, and industrial water supply. We conducted modeling and ground-based timedomain electromagnetic induction (TDEM) measurements to examine whether TDEM might help assess the integrity of the FGZ and its ability to retard the flow of groundwater to the main aquifer. Conductivity models based on well logs and representative TDEM soundings demonstrated that changes in thickness of the FGZ and perched aquifer are detectable if changes in other stratigraphic horizons are minimal. Based on these results, we conducted an airborne geophysical survey using Fugro's GEOTEM system. Conductivity-depth transforms (CDTs) from airborne measurements matched the nearest ground-based profiles reasonably well. Pseudo-depth slices constructed from CDTs depicted apparent conductivity at critical depths, enabling refinement of borehole-based stratigraphic and hydrologic models. Elevated apparent conductivities were observed where interpreted FGZ integrity was good and the saturated zone is relatively thick; low apparent conductivities are interpreted to indicate areas where the FGZ and associated saturated zone are thin or absent. Survey results are being used to support groundwater investigations, development of fate and transport models, and upcoming corrective action decisions.
Introduction
We present preliminary results of an airborne geophysical survey flown at the U.S. Department of Energy's Pantex Plant in March 2003 (Figure 1) . The purpose of this survey was to measure the magnitude and variation of apparent electrical conductivity of the subsurface to help assess the extent and integrity of a fine-grained zone (FGZ) in the middle part of the Tertiary Ogallala Formation that perches groundwater above the main Ogallala aquifer. We also include results from a feasibility study that included TDEM modeling and reconnaissance ground-based measurements conducted at Pantex (Paine, 2000) to examine whether geophysical methods such as TDEM could provide information on the areal extent, thickness, and lithologic variability of the perched water aquitard (U.S. Department of Energy, 2000) .
Our principal geophysical method is electromagnetic induction, or EM (Parasnis, 1973; Frischknecht and others, 1991; West and Macnae, 1991) . This family of geophysical methods employs a changing primary magnetic field that is created around a current-carrying transmitter wire to induce a current to flow within the ground, which in turn creates a secondary magnetic field that is sensed by a receiver coil. In general, the strength of the secondary field is proportional to the conductivity of the ground. TDEM methods (Kaufman and Keller, 1983; Spies and Frischknecht, 1991) measure the decay of a transient, secondary magnetic field produced by the termination of an alternating primary electric current in the transmitter loop. The secondary field, generated by current induced to flow in the ground, is measured by the receiving coil following transmitter current shutoff. Secondary field, or transient, strength at an early time gives information on conductivity in the shallow subsurface; transient strength at later times is influenced by conductivity at depth.
FGZ Physical Properties
Numerous borings and wells have reached the FGZ during Pantex Plant operation, characterization, and remediation activities. Subsurface data indicate that the FGZ is composed of several distinct clay-rich layers within semi-consolidated, late Tertiary fluvial, lacustrine, and eolian deposits (Gustavson and others, 1995) . Electrical logs from Pantex and surrounding wells verify the common observation that high clay content translates to increased electrical conductivity of the sediment (Figure 2) . Further, water-saturated sediment within the perched aquifer likely has higher electrical conductivity than similar unsaturated stratigraphic intervals. These observations suggest that electrical methods are appropriate to investigate the FGZ and associated perched aquifer. Increases in electrical conductivity caused by water saturation within the perched aquifer and by increased clay content within the FGZ might be detected using surface or airborne electromagnetic induction methods.
The design and potential success of EM surveys depend upon the depth and thickness of the FGZ and perched aquifer. Well and boring data indicate that the depth to perched water averages 73 m (Pantex Plant Environmental Restoration Department, 2000) . Saturated thickness averages 4 m, ranging from 0 to about 23 m. The underlying FGZ is reached at an average depth of 78 m. Its thickness is poorly constrained, but existing data suggest it averages about 16 m. Consequently, the depth range of interest ranges from about 60 to 120 m; the combined thickness (FGZ and saturated zone) averages about 20 m.
Modeling and Ground-Based TDEM
We tested the feasibility of the TDEM method in addressing issues related to the perched aquifer at the Pantex Plant by performing simple one-dimensional modeling and reconnaissance field investigations (Paine, 2000) . The purpose of TDEM modeling was to determine (a) acquisition parameters for the field survey and (b) whether changes in thickness of the FGZ would produce detectable differences in the TDEM data. Little information has been collected on the electrical properties of strata beneath the Pantex Plant; available data consist of a few partial and complete induction logs for Pantex wells and resistivity logs from public water-supply wells north of Pantex. We produced a generalized subsurface model based on resistivity data from well BEG-PTX2, located south of Playa 2 (Figure 3) . Logs of this and other wells show that resistivity changes within the Blackwater Draw and Ogallala formations can be generalized into four layers (Figure 2) . These layers are, from shallowest to deepest: (1) a low-resistivity (about 20 ohm-m) layer a few tens of meters thick having high gamma counts and relatively high clay content that roughly corresponds to the Blackwater Draw Formation; (2) an unsaturated upper Ogallala resistive layer averaging about 75 ohm-m that extends to a depth of about 75 m; (3) a low-resistivity layer of about 9 ohm-m that is about 10-m thick, representing the middle Ogallala FGZ; and (4) a saturated lower Ogallala resistive layer averaging about 45 ohm-m that extends to the base of the Ogallala Formation. Geophysical logs that penetrate pre-Ogallala rocks suggest that the basal Ogallala layer is underlain by a low-resistivity unit.
To simulate the effect of varying FGZ thicknesses on the TDEM data, we computed and compared the TDEM measurements that would be expected using the resistivities and layer thicknesses of the generalized model, varying the thickness of the FGZ from 0 to 10 m in 1-m increments. Predicted strength of the transient signal differs significantly at times later than about 0.5 milliseconds (ms) after shutoff of the transmitter current for the two end-member models of no FGZ and a 10-m thick FGZ (Figure 4a) . When the signal strength data are converted to apparent resistivity (Figure 4b) , the greatest divergence in the curves occurs between about 0.2 and 5 ms after current termination. If the only stratigraphic variable is the FGZ thickness, modeling data suggest that small changes in FGZ thickness are detectable and that field data should be recorded between about 0.1 and 10 ms after current termination to best detect FGZ thickness changes. We acquired ground-based TDEM soundings (Figure 3) to evaluate the method for detecting changes in Ogallala stratigraphic and hydrological properties and to determine electrical properties of the ground for airborne survey design (Paine, 2000) . According to modeling results, transient signals are sufficiently long to contain information about subsurface electrical properties to depths beyond those of the FGZ.
At each sounding location, we used the program TEMIX to construct resistivity models of the subsurface, calculate the transient for those models, compare the actual and calculated transients, and adjust the model iteratively until it provided an adequate fit to the observed data. Two-to four-layer models constructed for soundings along the south-north series in the Pantex Southeast area differ relatively little in the near-surface low resistivity layer (Figure 5 ), but differ more at deeper levels. Within what would correspond to the upper Ogallala resistive zone and the middle Ogallala FGZ, resistivities decrease progressively to the north. Highest resistivities at the FGZ depth are calculated for sounding TDEM 1 at the south end of the series; lowest resistivities are calculated for TDEM 10 at the north end. Maps of FGZ thickness derived from seismic data (U. S. Army Corps of Engineers, 1992) show the FGZ thickness progressively increasing northward along this series, matching the TDEM trend. The FGZ is not manifested in the model as a discrete, resolvable layer, but appears to be a major influence on resistivity calculated for the resistive intermediate layer. Decreases in resistivity to near 10 ohm-m in the model layers corresponding to the 
Airborne TDEM Survey
Modeling and ground-based TDEM soundings showed that the thickness of the FGZ can influence the strength and shape of the TDEM signal, suggesting that TDEM could be used to help evaluate the extent and integrity of the FGZ. Airborne TDEM instruments offer spatially dense data required to identify expected subtle stratigraphic and hydrologic changes associated with the FGZ. We employed airborne geophysical methods to measure changes in electrical conductivity with depth in four survey blocks surrounding the Pantex Plant (Figure 3) .
Airborne geophysical data, including TDEM and magnetic-field data, were acquired over the Pantex survey blocks in March 2003 by Fugro Airborne Surveys. The combined 120-km 2 area was covered by flying north-south lines spaced at 100 m in the east and west blocks and east-west lines spaced at 100 m in the north and south blocks (Figure 3) . A total of 104,880 measurement locations were acquired over the survey flight distance of 1,243 km. Fugro collected EM and magnetic-field data using its GEOTEM 1000 TDEM system and a cesium magnetometer towed behind a Casa 212 twin-engine aircraft. Flight height was 120 m; the three-axis EM receiver was towed 130 m behind the transmitter at a height of 70 m above the ground. The primary EM field was generated by a six-turn wire loop fixed to the aircraft carrying a 30-Hz, discontinuous sinusoidal current of 560 amperes (A). The dipole moment, a measure of transmitter strength, was 776 x 10 3 A-m 2 , more than an order of magnitude larger than the moment of the ground-based instrument used in the feasibility study. Transients were recorded during the 11.3-ms window following termination of the 4-ms transmitter pulse. EM diffusion depth, the depth below which currents will not have diffused during the measurement period, is commonly used as a proxy for exploration depth. It is calculated using the , t = latest time measured, and ρ = resistivity (in ohm-m) (Parasnis, 1986) .
Assuming a ground conductivity of 20 to 50 mS/m (50 to 20 ohm-m resistivity) estimated from ground-based TDEM data and a latest measurement time of 11.3 ms, expected exploration depth is about 240 m for the most conductive ground and about 380 m for the least conductive ground. Measurement locations were determined from global-positioning-system (GPS) data by using a base station at the Amarillo airport and a roving receiver on the aircraft. Locational accuracy is 5 m or better. At the 30-Hz transmitter frequency (60-Hz sample frequency) and a nominal airspeed of 232 km/hr, transients were acquired every 1.1 m along the flight line. Recording stacked transients at 4 Hz resulted in a sample spacing of about 16 m. Along with the transients measured in the x (parallel to the flight path), y (horizontal and perpendicular to the flight path), and z (vertical) axes by the towed receiver coils, Fugro performed conductivity-depth transforms (Wolfgram and Karlik, 1995) to produce relatively smooth conductivity models depicting a conductivity value at 10-m-depth intervals (Fugro Airborne Surveys, 2003) .
We produced horizontal images of subsurface conductivity for each survey area by (1) extracting modeled conductivity values at 10-m-depth intervals; (2) gridding the values within the image processing software ERMapper using a cell size of 20 m; and (3) exporting the georeferenced images into a GIS. Coverages being used to analyze the relationship between the geophysical data and geological and hydrological characteristics of the area include borings, water wells, water-quality analyses, aerial photographs, and roads (and associated power lines). : Two-to four-layer resistivity models that fit transients recorded at sites TDEM 1, 5, 6, 7, and 10 at Pantex (Figure 3) . Also shown are the approximate depths to the base of the high-gammacount zone (Blackwater Draw Formation), the top of the middle Ogallala FGZ, the Ogallala water level (OWL), and the base of the Ogallala Formation (To).
Cultural Noise
Electric power lines carry alternating current that produces magnetic fields. These fields are strong enough to interfere with the relatively weak secondary electrical signals generated in the ground by the airborne TDEM transmitter, particularly at an industrial site like Pantex. We used data from an onboard powerline noise monitor to create a map depicting noise levels across the survey area (Figure 6) , then used those values to identify excessively noise-contaminated areas in the TDEM data set. Powerline noise varied greatly in strength across the area, ranging from values at or below 1 millivolt (mV) to as high as 500 mV. Highest values are observed on flight lines where the aircraft crosses major power lines. On these lines, the low-flying receiver passes closer to the power lines than it does when the flight lines are parallel to the same power lines. We used a threshold powerline noise value of 15 mV to remove excessively noisy data from the TDEM data set. Airborne TDEM soundings with powerline noise less than 15 mV were used to generate conductivity-depth slices. 
TDEM Signal Strength and Noise Correlation
Calculations of apparent ground conductivity and changes in apparent conductivity with depth are based on the strength and decay of the TDEM signal recorded by the three-component receiver. The signals and mathematical manipulations of them are critical to the success of the TDEM method in assessing the extent and integrity of the FGZ. Fugro delivered processed TDEM data that included both the measured dB/dt signal (changes in the generated magnetic field strength over time) and its calculated integral, the Bfield (magnetic field strength generated by the TDEM transmitter and ground response) (Smith and Annan, 2000) . We examined these signals to evaluate the effects of powerline noise on the airborne TDEM data.
The actual measured signal, dB/dt, is equivalent to the time derivative of the B-field signal and is given in units of nT/s (Figure 7) . While the transmitter is on (on time, Figure 7a) , the dB/dt signal shows large changes in the signal magnitude and polarity. Once the transmitter is off (off time, Figure 7a) , the secondary signal arising from ground currents decays rapidly in all three components (Figure 7b) . The strongest component is in the z direction (vertical), which rapidly decays from initial values of more than 1000 nT/s to final values above 1 nT/s. Next strongest is the x component (in the flight-line direction). The weakest signal is recorded in the y direction, transverse to the flight-line direction. Above horizontally stratified layers, the y component should be small because the transmitter generates the strongest signal in the z direction (the transmitter is a vertical dipole). A large y signal would suggest significant lateral changes in conductivity, which might invalidate processing assumptions that are made in determining apparent conductivity of the ground and its variation with depth. The x component should also be stronger than the y component because the receiver is recording an x signal by moving through a magnetic field as the aircraft acquires data.
We examined the influence of powerline noise on all components of the dB/dt signal by calculating a correlation coefficient between powerline noise and signal strength during both on and off times (Figure 7c) . The strongest correlation with noise is evident for the x component at relatively early off times, reaching nearly 0.5 at about 2 ms after turnoff. Both z and y components correlate poorly with powerline noise. These data suggest that including x-axis data in conductivity calculations will increase the influence of unwanted noise.
Conductivity-Depth Transforms (CDTs)
Single apparent conductivity values for each sounding location are useful for establishing basic electrical properties of an area and identifying major trends, but grossly oversimplify the ground's electrical properties at Pantex that are known to vary significantly with depth as sediment type and water saturation change (Figure 2) . During processing, Fugro provided "transforms" depicting changes in apparent conductivity with depth (CDTs) at each sounding location. These are not full, robust inversions of the TDEM data (Wolfgram and Karlik, 1995) , but are pseudo-depth profiles from z-and x-axis data that reflect incremental changes in signal strength with time.
Correlation with Noise
We have shown that powerline noise has a small positive correlation with the x-axis signal that is also used in the depth transforms (Figure 7) . Powerline noise might also influence depth transforms. We examined this possible influence by calculating the average correlation coefficient between calculated apparent conductivity at 10-m depth intervals between 10 and 290 m for each of the four survey blocks (Figure 8 ). There is a small, positive correlation between powerline noise and conductivity at shallow depths that corresponds to the small, positive correlation observed at early times in the x-axis data. This correlation was determined using all airborne TDEM data and served as the rationale for deleting locations with large powerline noise values from apparent conductivity maps and depth slices.
Comparison with Ground TDEM Models
Modeling and field measurements using ground-based instruments produced models of apparent conductivity changes with depth at several locations (Figure 3 ) that can be compared with CDTs calculated from airborne data acquired at the same location. Using the series of ground measurements along the southeast boundary of the Pantex Plant as an example (TDEM 1, 6, 5, 7, and 10 from south to north), we extracted all airborne sounding locations within 50 m of the ground-based sounding and plotted the apparent conductivity profiles on the same depth and conductivity scale (Figure 9) . The ground-based profiles consist of two to four discrete conductivity layers that were correlated to changes in thickness of the FGZ and perched aquifer, but could not resolve the FGZ (Paine, 2000) . The CDTs derived from airborne data are only generally similar to depth profiles obtained from ground-based data, but may more accurately represent smoother conductivity changes with depth that are apparent from borehole logs.
Plots of CDT profiles near ground-based soundings also help determine the exploration depth achieved by the airborne instruments. In most areas, CDTs derived from locations within a few tens of meters of each other should depict similar profiles, given the large sampling footprint of the airborne system. CDTs from locations near TDEM 1 have similar apparent conductivity values at all depths (Figure 9a) , as do those from locations near TDEM 10 (Figure 9e) . Profiles near TDEM 6 diverge at depths greater than 180 m (Figure 9c) , suggesting that apparent conductivity data deeper than 180 m at this location are unreliable. CDTs near TDEM 5 begin to diverge below 100 m, becoming strongly divergent below 250 m depth (Figure 9b) . CDTs near TDEM 7 show increasing divergence at depths greater than 140 m (Figure 9d) . Possible reasons for divergence include differing transmitter and receiver geometries, powerline noise, and signal strength. 
Apparent Conductivity-Depth Slices
Once excessively noisy data have been removed from the airborne TDEM data set, the remaining CDTs can be combined to form a pseudo-three-dimensional apparent conductivity model for the survey area that consists of individual apparent conductivity values at 10-m depth intervals at each CDT location. Although the vertical resolution of TDEM data is poor, the abundance and close spacing of measurements acquired during the airborne survey allow the conductivity volume to be sliced horizontally to produce images depicting apparent conductivity variations across the survey area at specific depths. These values are unlikely to be the true electrical conductivity of the ground at a particular location and depth; rather, they depict relative and semi-quantitative values that should be consistent with surrounding values at the same depths. These images can be helpful in identifying geologic and hydrologic features associated with conductivity changes related to differing clay and water content.
Features of special interest at Pantex include the unsaturated zone above the perched aquifer (groundwater flow from the surface to the perched aquifer), the FGZ and perched aquifer, the unsaturated zone between the FGZ and the main Ogallala aquifer (potential groundwater flow between the perched and main aquifers), and the Ogallala aquifer. We combined CDT profiles from the four survey blocks after deleting profiles with powerline noise above the 15 mV threshold. We produced pseudo-depth slices at 10-m intervals between 10-and 200-m depth that show relative apparent conductivity changes across the survey area. We chose the 40-m depth slice to represent the unsaturated zone above the perched aquifer (Figure 10) , the 80-m depth slice to represent the perched aquifer and FGZ (Figure 11) , the 120-m depth slice to represent the unsaturated zone above the Ogallala aquifer (Figure 12) , and the 160-m depth slice to represent the lower Ogallala Formation and pre-Ogallala deposits (Figure 13) .
At the 40-m depth, representing the dominantly unsaturated Ogallala sediments above the perched aquifer, apparent conductivities are relatively low (Figure 10) . Relatively high conductivities suggesting clayey or wet strata are found at each of the playas, consistent with a model of lacustrine playa deposition and local water saturation. Seismic data were acquired in the early 1990s across Pantex-area playas that showed evidence of playa formation by dissolution-induced subsidence (Paine, 1994 (Paine, , 1995 . Reconnaissance, ground-based TDEM soundings acquired in 2000 showed that strata beneath the playa floor are more conductive at shallow depths and less conductive at greater depths than strata at similar depths outside the playa basin (Paine, 2000) , consistent with a collapse model of playa formation.
High apparent conductivities also appear in the southwest that are at least partly coincident with, and likely caused by, power lines, buildings, and other cultural features. Relatively low apparent conductivities surround the playas, suggesting the presence of coarser and drier strata beneath the upland, interplaya surface. Although no conductivity data are available at Playa 1, elevated conductivities extend east of this playa (Figure 10) . Enhanced groundwater recharge at this playa that has contributed to the presence of a perched aquifer mound may have also increased water content surrounding the playa at shallower depths.
The 80-m depth slice (Figure 11 ) is at the approximate depth of the perched aquifer and FGZ. At this depth, apparent conductivities are generally higher than those at shallower depths. These elevated conductivities suggest higher clay and perhaps moisture contents than in shallower strata. Artifactual conductivity highs are evident in the southwest and along cathodically protected pipelines in the east block. Relative conductivity highs are not as evident beneath the playas at this depth. Gentle highs occur at and near Playas 3 and 4, the unnamed playa on the east margin of the survey area, and surrounding Playa 1, but relative lows are depicted at Playa 2 and the Pratt playa north of the northern plant boundary. Apparent conductivity highs at this depth are likely to be caused by a thickened FGZ or perched aquifer. By the 120-m depth (Figure 12) , representing the stratigraphic zone beneath the FGZ and above the Ogallala aquifer, all the surveyed playas coincide with pronounced apparent conductivity lows. Low apparent conductivities beneath the playa are consistent with an interpretation of the playa as a subsidence and collapse feature. At this depth, lower conductivities could be caused by higher porosity developed through collapse and brecciation. In general, apparent conductivity values at this depth are higher than those at shallower depths. Elevated apparent conductivities are present on all sides of the main Pantex Plant. It is not clear yet whether these high areas might reflect increased clay or water content at this depth around the plant, or whether the elevated conductivities are an artifact of abundant cultural noise at the plant.
The 160-m depth slice (Figure 13) represents the interval at or below the Ogallala water level. Apparent conductivities remain relatively high at this depth. Pronounced conductivity lows persist beneath the playas. An extensive area of relatively low conductivity is present north and northwest of the Pantex Plant that encompasses part of the City of Amarillo Ogallala water well field, where Ogallala deposits are thickest. Higher apparent conductivities in the southwest at these and deeper depths may be caused by fine-grained Permian or Triassic strata underlying the Ogallala Formation.
Conclusions
High resolution airborne TDEM data acquired at the Pantex Plant achieved exploration depths to the lower Ogallala Formation and perhaps to pre-Ogallala strata where the Ogallala is relatively thin. Analysis of powerline and other cultural noise related to pipelines and structures resulted in the removal of about 20 percent of the 104,880 measurements from the final TDEM data set. Comparisons of apparent conductivity profiles derived from ground and airborne instruments showed general agreement in magnitude and shape; smoothly varying profiles derived from airborne data are more realistic approximations of the actual electrical conductivity of the ground. We constructed conductivity-depth slices depicting apparent electrical conductivity across the survey area from the remaining measurement locations at 10-m intervals between depths of 10 and 200 m below the ground surface. We are analyzing these images to interpret geological and hydrological features related to the perched aquifer, FGZ, and the Ogallala aquifer.
Representative conductivity-depth images for strata above the perched aquifer (40-m depth), at the approximate depth of the perched aquifer and FGZ (80 m), between the FGZ and Ogallala aquifer (120 m), and below the Ogallala water table (160 m) reveal patterns that are being used to interpret changes in clay and water content that are relevant to groundwater flow. Conductivity images of the subsurface beneath survey-area playas are consistent with a playa formation model of dissolution-induced subsidence and lacustrine fill. Elevated apparent conductivities associated with perched aquifer plumes appear to be largely confined to the Pantex Plant.
